The basal forebrain cholinergic innervation of the medial prefrontal cortex (mPFC) is crucial for cognitive performance. However, little is known about the organization of connectivity between the basal forebrain and the mPFC in the mouse. Using focal virus injections inducing Cre-dependent enhanced yellow fluorescent protein expression in ChAT-IRES-Cre mice, we tested the hypothesis that there is a topographic mapping between the basal forebrain cholinergic neurons and their axonal projections to the mPFC. We found that ascending cholinergic fibers to the mPFC follow four pathways and that cholinergic neurons take these routes depending on their location in the basal forebrain. In addition, a general mapping pattern was observed in which the position of cholinergic neurons measured along a rostral to caudal extent in the basal forebrain correlated with a ventral to dorsal and a rostral to caudal shift of cholinergic fiber distribution in mPFC. Finally, we found that neurons in the rostral and caudal parts of the basal forebrain differentially innervate the superficial and deep layers of the ventral regions of the mPFC. Thus, a frontocaudal organization of the cholinergic system exists in which distinct mPFC areas and cortical layers are targeted depending on the location of the cholinergic neuron in the basal forebrain.
Introduction
Cholinergic modulation of the medial prefrontal cortex (mPFC) is crucial for various aspects of cognitive and executive behavior, including attention and working memory (Sarter and Bruno, 2000; Granon et al., 2003; Dalley et al., 2004; Parikh et al., 2007; Hasselmo and Sarter, 2011; Klinkenberg et al., 2011; Picciotto et al., 2012; Howe et al., 2013; Wallace and Bertrand, 2013) . Although local cholinergic interneurons exist (Eckenstein and Baughman, 1984; Parnavelas et al., 1986; Mechawar et al., 2000) , the main cholinergic innervation originates in the basal forebrain (Butcher and Woolf, 2004) . To understand how acetylcholine modulates the mPFC, detailed knowledge of the pattern of cholinergic innervation and the differences in innervation between different mPFC regions and layers is necessary. Despite many studies on the relation between different nuclei and locations in the basal forebrain and their projection areas, it is still unknown how specific the projections are and how exactly different regions in the basal forebrain map on their cortical targets. We test the hypothesis that different mPFC regions and layers receive inputs from distinct parts of the basal forebrain.
Combining retrograde fluorescent neuroanatomical tracing and antibody staining against choline acetyltransferase (ChAT; Cozzari and Hartman, 1980; Kimura et al., 1980; Eckenstein et al., 1981; Levey and Wainer, 1982) and vesicular acetylcholine transporter (Weihe et al., 1996) , it was found that small groups of cholinergic basal forebrain neurons innervate rather large but discrete cortical areas (Bigl et al., 1982; Price and Stern, 1983; Rye et al., 1984; Butcher, 1995; Chandler and Waterhouse, 2012; Chandler et al., 2013) . However, because of inherent limitations, classical neuroanatomical tracing and immunohistochemical methods are unable to test unequivocally whether a mapping exists in the connections from the basal forebrain to the mPFC . First, retrograde tracers accumulate in neurons that project to that cortical area regardless of their neurotransmitter. Second, axonal projection densities of retrogradely labeled neurons cannot be unambiguously determined. Third, antibody stainings do not differentiate between the origin of cholinergic fibers. Finally, because cholinergic neurons in the basal forebrain are scattered among neurons with different neurochemical identities, injections with anterograde neuroanatomical tracers (Luiten et al., 1987; Gaykema et al., 1990 ) result in labeling of chemically diverse neurons. As a consequence, verification is mandatory, via high-resolution immunohistochemistry, of the identity of the neurotransmitter expressed by neuroanatomically traced fibers (Lanciego and Wouterlood, 2011) .
To circumvent these limitations, we virally expressed enhanced yellow fluorescent protein (eYFP) in cholinergic neurons of ChAT-Cre mice at distinct locations in the basal forebrain and tested whether there is a topographic mapping between cholinergic neurons in the basal forebrain and different areas and layers of the mPFC. Using stereological methods, we found a frontalcaudal gradient in the mapping of the cholinergic projections with rostral neurons in the basal forebrain innervating predominantly rostral and ventral mPFC areas and caudolateral neurons in the basal forebrain preferentially innervating the dorsal and caudal mPFC regions. Furthermore, different areas of the basal forebrain send projections through four different pathways that differentially target deep and superficial layers of the mPFC.
Materials and Methods

Mice
Knock-in recombinant mice (The Jackson Laboratory strain B6;129S6 -Chat tm1(cre)Lowl /J) of either sex were used. In these mice, Crerecombinase expression is controlled via an IRES-Cre sequence inserted in the genome downstream of the ChAT gene stop codon. Expression of the ChAT gene is unaffected in these mice. In total, nine adult, knock-in mice (22 weeks of age; body weight, ϳ30 g) were used. All experiments were performed according to the ethical and legal guidelines and directives set by the Dutch Government and by University and European Community regulations on animal well being and approved by the Vrije University Medical Center ethical committee for animal welfare. The smallest number of animals possible was used to substantiate our findings.
Injection of virus vector
Mice were anesthetized with 2% isoflurane and mounted in a stereotaxic frame. The skull was exposed, the periosteum anesthetized with lidocaine, and a hole drilled to lower a micropipette with the virus vector to the appropriate stereotaxic coordinates (coordinates according to the mouse brain atlas by Paxinos and Franklin, 2001) , after which the isoflurane was lowered to 1.5%. In each mouse, a single injection of virus was placed at a preselected locus in the cholinergic basal forebrain [0.5 l of virus solution; adeno-associated virus 2 (AAV2); EF1␣-DIO-EFYP-WPRE-pA; gift from Dr. Karl Deisseroth, Department of Bioengineering, Stanford University, Stanford, CA]. Virus was delivered via a stainless steel cannula (type 304; 200 m diameter; Phymep) attached to a CMA 400 syringe pump (Phymep), during 5 min (flow, 100 nl/min). The needle was left in situ for 7 min and slowly stepwise retracted. Suturing the skin over the wound completed surgery, and the animal was allowed to recover.
Immunofluorescence staining procedure
Five weeks after surgery, the mice were killed and perfused. They were anesthetized with 2% isoflurane, followed by 1.6 g/kg urethane and subsequently transcardially perfused at room temperature with ϳ50 ml of PBS (in mM: 200 KH 2 PO 4 , 400 K 2 HPO 4 , and 1.500 NaCl, pH 7.4) to flush out erythrocytes, followed immediately by fixative: 4% freshly depolymerized paraformaldehyde in PBS (50 ml). Thereafter, the brains were recovered and postfixed for 24 h in the fixative and stored in PBS at 4°C before slicing into four series of 50-m-thick frontal sections using a vibrating microtome (HR2; Sigmann Elektronik). Sections were stored in PBS in a refrigerator, with preservative added (0.02% NaN 3 ). Sections were rinsed three times for 10 min with TBS-TX buffer [50 mM Tris, 8.75% NaCl, and 0.2-0.3% Triton X-100, pH 7.8 (Triton is a trademark of Sigma)] and incubated under continuous gentle agitation. The immunofluorescence procedure was as follows.
Series 1. Sections stayed for 1 h at room temperature in blocking solution [2.5% bovine serum albumin and 5% normal goat serum in TBS-TX (0.2%)], followed by overnight incubation at 4°C (refrigerator) in a mixture consisting of 1:1000 anti-NeuN (mouse; catalog #MAB377; MerckMillipore) mixed with 1:1000 anti-green fluorescent protein (GFP; rabbit; catalog #AB3080; Merck-Millipore) in blocking solution in TBS.
Series 2. Sections stayed 1 h at room temperature in blocking solution (5% normal donkey serum in TBS-TX) and next overnight in a refrigerator in 1:200 anti-ChAT (goat; catalog #AB144P; Merck-Millipore) in TBS with 10% normal donkey serum added.
The next morning, the sections were rinsed four times for 10 min in TBS and subsequently incubated for 2 h with the secondary antibodies. Sections used in series 1 were incubated with either 1:400 goat antimouse Cy3 (Jackson ImmunoResearch) or with a mixture of 1:400 goat anti-mouse Alexa Fluor 594 (Invitrogen) and 1:400 goat anti-rabbit Alexa Fluor 488 (Invitrogen) in TBS, whereas in series 2, we incubated with 1:400 donkey-anti goat Alexa Fluor 594 (Invitrogen) in TBS. Series 1 resulted in NeuN-only stained sections with native eYFP expression and, in NeuN-stained sections, with immunofluorescence eYFP expression. Series 2 resulted in ChAT-stained sections with native eYFP expression.
After the incubations, the sections were rinsed in TBS, mounted on slides, and wet coverslipped immediately in an anti-fading mounting medium [2.4 g of Mowiol 4-44 (Clariant) and 6.0 g of glycerin (Fluka) in 18 ml of 100 mM Tris, pH 8.5]. The NeuN-GFP double-immunostained sections were stereologically analyzed. In addition, NeuN-GFP and ChAT-immunostained sections were investigated with confocal laser scanning microscopy (CLSM). Prefrontal cortical areas in the mouse were identified and delineated in the NeuN-immunofluorescence material using cytological criteria published by Van de Werd et al. (2010) . Neurons expressing eYFP are further called eYFP-positive neurons.
Antibody characterization
Anti-NeuN (mouse; catalog #MAB377; Merck-Millipore) has been generated from clone AB60. This clone was generated and fully characterized by Mullen et al. (1992) . Anti-GFP (rabbit; catalog #AB3080; MerckMillipore) was generated against highly purified native GFP from Aequorea victoria. It is reactive with GFP and eYFP from both native and recombinant sources. This particular antibody has been purified to suppress cross-reactivity with non-GFP antigens (e.g., Escherichia coli). A full description and characterization has been published by Tamamaki et al. (2000) . Anti-ChAT (goat; catalog #AB144P, lot JC1668317; MerckMillipore) is a 70 -74 kDa affinity-purified polyclonal antibody raised against human placental enzyme. It has been characterized previously (Shiromani et al., 1987) , and it has been evaluated by the manufacturer with Western blot analysis on mouse brain lysates. The secondary, fluorochromated antibodies were tested in our own laboratory according to the extensive omission, double-staining, and cross-staining control procedures published previously (Wouterlood et al., 1998) .
Stereological analysis
Sections were inserted in a Leica DM-R epifluorescence microscope equipped with Leica filter cubes I3 ("green" fluorescence) and N2.1 ("red" fluorescence) and with a MicoFire digital camera (model S99808; Optotronics). Movements in the x and y directions were controlled via a MAC 2000 motorized stage controller (Ludl Electronic Products); movements along the z-axis were recorded with a resolution of 0.5 m by a Heidenhain MT12 microcator (Heidenhahn). x, y, z microscope stage data were recorded by a computer running Stereo Investigator software (version 10.50; MicroBrightField) . In brief, we outlined at 25ϫ magnification via N2.1 cube filtering the mPFC and identified within mPFC the prelimbic (PL), infralimbic (IL), dorsal (ACd) and ventral (ACv) anterior cingulate, and frontal 2 (Fr2) subdivisions according to Van de Werd et al. (2010) (see Fig. 4 ). Then we switched to I3 cube filtering and counted at high magnification (100ϫ oil-immersion objective) eYFP fiber lengths in 3D spherical counting frames in systematic random samples in each mPFC subdivision, using the "Space Ball" probe and workflow of Stereo Investigator (version 10.5). The Space Ball probe is designed to estimate the total length of neuronal fibers independent of their orientation in a region of interest. The concept and algorithms behind Space Balls have been published previously (Mouton et al., 2002; Schmitz and Hof, 2005) . Briefly, the Space Ball method places 3D virtual spheres or hemispheres in a region of interest using a systematic random sampling approach. The investigator then counts the number of intersections between eYFP-positive fibers and the boundary of the 3D virtual (hemi)spheres. Counts that are at the bottom edge of the hemisphere are counted as 1 ⁄2 in the results. Based on the number of intersections and volume of the region, the total length of eYFP-positive fibers and fiber length density (FLD) in the region of interest are calculated. The Space Balls are placed in a systematic random order throughout the region of interest to ensure that all eYFP-positive fibers had equal probability to be counted.
eYFP-positive fibers were relatively easy to discriminate from the background signal and possible artifacts. Because of the low density of eYFP-positive fibers in certain areas, we decided to use a hemispheric probe to increase the probe volume and, because the cortical layers of the mouse brain are too thin compared with the size of the Space Ball probe, we refrained from taking samples from cortical layers. Before the quantification, at least five measurements for thickness were made in each subregion to provide an estimate for the mounted post-processing thickness. Mean mounted thickness was estimated by averaging the samples taken from all the used sections for each animal. The mean postprocessing thickness was 31.6 Ϯ 2.7 m. The number of intersections of the eYFP-positive fibers with the probe were added for every subregion of interest per animal to calculate the total number of intersections. The sampling design yielded an average of 380 fiber/probe intersections counted at an average of 85 sampling sites per subregion per animal. The grid (xy) used for sampling was different between subregions, ranging from 175 ϫ 100 to 290 ϫ 290 m for all animals.
To estimate the eYFP fiber length, we used a formula described previously by Mouton and colleagues (Calhoun and Mouton, 2001; Mouton et al., 2002) : L ϭ 2 ϫ (⌺ Q i ) ϫ v/a ϫ 1/ssf, where Q i is the total number of intersections counted in a subregion in an animal, v is volume (grid x ϫ grid y ϫ post-processing thickness), a is surface area of the hemisphere, and ssf is section sampling fraction (either 1 ⁄8 or 1 ⁄4). FLD in the subregions was calculated by the ratio of the total fiber length (L) and the mean volume of the subregion. The volume of each subregion was determined using the Cavalieri estimator probe in the Stereo Investigator software (Gundersen and Jensen, 1987) . The mean volume of the total mPFC was 2.6 Ϯ 0.3 mm 3 . Shrinkage in the z direction was assumed to be equal between animals and regions because all tissue was treated in the same manner. All quantification was done by a single experimenter, and, to prevent bias, all sections were coded and analyzed in a random manner. The coefficient of error ranged from 0.2 to 0.17 in the subregions of the PFC (for details, see Table 2 ).
eYFP-positive cell plotting
Contours of sections and brain ventricles were delineated with Stereo Investigator software at low magnification (20ϫ dry objective) using sections stained according to the series 1 immunostaining procedure, viewed through an N2.1 filter cube. Injection sites were located by switching to the I3 filter cube. The areas including all eYFP-positive cell bodies of interest were delineated at low magnification (2.5ϫ). eYFPpositive interneurons along injection tracks, e.g., in the striatum, were ignored. Any fluorescent body with a diameter exceeding 10 m was interpreted as a neuron. All cells within delineated areas were systematically plotted at high magnification (20ϫ) using the software's "meander scan" option. x-y-z positions of all cells were recorded to generate 3D overviews of the injection sites.
CLSM
Structures of interest were imaged with a Leica TCS-SP2 AOBS confocal instrument equipped with N2.1 and I3 filter cubes for visual fluorescence inspection and with argon-krypton and helium-neon lasers to provide laser illumination at wavelengths 488 and 594 nm, respectively. We configured two imaging channels: (1) a "green" channel (488 nm excitation; 500 -540 nm emission bandpass filtering); and (2) a "red" channel (594 nm excitation; 605-630 nm emission bandpass filtering). Sections double immunostained with anti-NeuN and anti-GFP antibodies were inspected first visually using the N2.1 red filter cube to identify the mPFC subdivision to be scanned. Scanning of these sections for mapping purposes was conducted with a 20ϫ dry objective lens, numerical aperture (NA) 0.7. For high-resolution scanning (eYFP-positive fibers in mPFC divisions and cortical layers), we applied a 63ϫ glycerin immersion objective lens (NA 1.3) at 8ϫ electronic zoom, Airy disk ϭ 1. The sections containing ChAT-immunostained neurons were scanned at low magnification (20ϫ dry lens) in both channels to delineate the location of eYFP-expressing "infected" neurons relative to the non-eYFP expressing, "non-infected" ChAT-immunopositive population of basal forebrain neurons and to verify at the same time at higher magnification (20ϫ dry lens or 63ϫ immersion lens) whether all eYFP-positive neurons indeed coexpressed ChAT.
All scanning performed was z-scanning, at 1024 ϫ 1024 pixels, eightbit sampling, and in "sequential" mode. Images to be used for illustration purposes were Z-scanned with the 20ϫ dry lens at 2.048 ϫ 2048 pixels or with the 63ϫ immersion lens at 1024 ϫ 1024 pixels. After acquisition, the images of fibers and fiber terminals in mPFC acquired at the highest magnification were deconvoluted with Huygens Professional software (Scientific Volume Imaging). Z-series of confocal images were imported in NIH ImageJ (http://rsb.info.nih.gov.ij/). With this image processing software, we first applied background subtraction according to the "Rolling Ball" algorithm and then prepared Z-projection views. Final figure preparation, including adjustments of brightness and contrast, was done using Photoshop software (version 6.0; Adobe Software).
Statistics
Statistical analyses was performed with the SPSS package version 20.0 (IBM). Correlations were assessed using bivariate Spearman's rank correlation coefficients. Statistical significance level was set at p Ͻ 0.05.
Results
To specifically label cholinergic neurons at different locations in the basal forebrain, nine ChAT-Cre mice were injected with a single injection of AAV containing a double-floxed eYFP gene (Sohal et al., 2009 ) at a specific location within the basal forebrain (Fig. 1A ). Compact and discrete populations of eYFP-positive neurons were found at topographical positions in accordance with the stereotaxic virus injection coordinates (Figs. 1B-E, 2 A, B; Table 1 ). Virus injections resulted in eYFP-positive neurons in the nucleus of the vertical band of Broca (VDB), nucleus of the horizontal band of Broca (HDB), ventral pallidum (VP), magnocellular preoptic nucleus (MCPO), substantia innominata (SI), and basal nucleus (Figs. 1, 2). To verify that eYFP-positive neurons were indeed cholinergic, we immunostained sections with ChAT antibody (Fig. 2C-F ) . All cell bodies of eYFP-positive neurons showed colocalization with ChAT immunofluorescence. Neurons positive for both eYFP and ChAT appeared embedded in larger populations of ChAT-positive neurons ( Fig.  2A-C) . At some injections, we observed scattered eYFP-positive cells along the needle track, for instance, in the caudate-putamen complex (Fig. 2C) , nucleus accumbens, VP, and bed nucleus of the stria terminalis (BNST). The morphology of these neurons was similar to that reported for local cholinergic striatal interneurons (Armstrong et al., 1983; Bolam et al., 1984; Phelps et al., 1985; Butcher and Woolf, 2004) . In sections immunostained with anti-ChAT antibodies, these scattered eYFP-positive neurons were also immunopositive for ChAT. We found differences in the number of transfected cells between the different injection sites, reflecting differences in the density of cholinergic neurons throughout the basal forebrain (Zaborszky et al., 1999) . In all nine cases of ChAT-Cre mice, the density of the transfected, eYFP-expressing neurons matched the distribution patterns of cholinergic neurons in the ChAT-GFP control mice: aggregated in VDB and HDB and more loosely distributed in VI, SI, and nucleus basalis (NB; Fig. 2G-I ; Zaborszky et al., 1999) . Because of the differences in the total number of transfected neurons, we decided to analyze relative rather than absolute fiber length hereafter.
Location-dependent cholinergic innervation of mPFC via either layer I or white matter
In the rat brain, it was found that cholinergic fibers leaving the basal forebrain take a number of trajectories (Eckenstein et al., 1988 ). Here, we tested whether similar projection patterns exist in the mouse brain and whether the trajectories to the target regions depend on the location of eYFP-positive neurons in the basal forebrain. To identify fiber trajectories of eYFP-positive fibers, we compared fiber density in several areas surrounding the basal forebrain (Table 1 ; scoring from Ϫ for no fibers to ϩϩϩ for high density of fibers). As in the rat, we found different pathways of cholinergic fibers leaving the basal forebrain (Fig. 3A-F ) . The pathways taken depended strongly on the location of the injection. Based on the fluorescence and fiber quantifications, we identified four trajectories along which eYFP-positive fibers traveled from the parent cell bodies to their cortical targets ( Fig. 3A ; Table 1 ). The first route, which we designated the "medial route" (Fig. 3A, labeled 1) , was found in the mice that received the most rostral injections (mice 1-3) and that had eYFP-positive cell bodies located in the vertical and horizontal limbs of the diagonal band. Their fibers traveled parallel to the pial surface in the anteromedial direction and, anterior to the genu of the corpus callosum, turned in the dorsal direction. They entered the medial orbital cortex in which they continued their course in layer I toward their destinations in the IL and PL subdivisions of mPFC (Fig. 3B) . Profuse branching occurred in layer I of IL and PL, with dense, hypervaricose ramifications (Fig. 3E) .
The second route (the "septal route"; Fig. 3A , labeled 2) was found also in mice that received the most frontal injections (mice 1-3; Table 1 ). It originated from loci with eYFP-positive cell bodies in the horizontal limb of the diagonal band dorsally, from which fibers traveled into the medial septum. The contingent of eYFP-positive fibers taking this septal route split into a portion of fibers that entered the fornix and continued to run in this tract along its dorsocaudally directed curve to innervate the hippocampus. The eYFP-positive septal route fibers that did not join the fornix continued their course in the dorsal direction until they hit the lower edge of the corpus callosum. They subsequently perforated the corpus callosum (Fig. 3C ) and traveled farther in the dorsal direction in the deep layers of the ACv and, more dorsally, in the ACd. Both in ACv and ACd branches of these deep "supply fibers" took a radial direction to enter more superficial cortical layers and branched profusely into varicose end ramifications (examples of ramification patterns in Fig. 3E ).
The third route was predominantly found in mice that received injections in the caudal portions of the basal forebrain (mice 4 -9; Table 1 ). Fibers originated from eYFP-positive cell bodies lying in the caudal portion of the horizontal limb of the diagonal band. These fibers took a dorsolaterally oriented direc- 
We identified four main routes taken by YFP-positive fibers from their parent cell bodies to mPFC targets: medial, septal, internal capsule, and lateral. ZI, Zona incerta. tion (Fig. 3 A, D, labeled 3) . Some eYFP-positive fibers joined the stria terminalis and on guidance of this tract innervated hypothalamic targets, whereas the remaining fibers entered the bundles of the anterior portion of the capsula interna and could be followed all the way to the deep layers of ACd and Fr2 of mPFC. Here, the fibers mixed with fibers arriving via the septal route, and they innervated all layers of these cortical regions. Finally, in mice that received injections in the caudal parts of the basal forebrain (mice 7-9; Table 1), we found that fibers emanating from eYFP-positive cell bodies located in the VP, the caudal portion of the horizontal limb of the diagonal band, and NB distributed along a fourth route (Fig. 3 A, F, labeled 4) . These eYFP-positive fibers ran from their parent cell bodies in the lateral direction, took a tight turn around the ventral end of the external capsule, and continued in a dorsal direction, as fibers embedded superficially in the external capsule. The eYFPpositive fibers traveled farther dorsally, bent in the radial direction, and participated in the innervation of parietal sensory and motor cortices. A few fibers reached as far dorsally as Fr2, in which they mixed with fibers arriving via the second and third routes.
Hence, injections in rostral areas of the basal forebrain resulted in eYFP-positive fibers leaving the basal forebrain through medial pathways 1 and 2 ( Fig. 3; Table 1 ). In contrast, injections in caudal parts of the basal forebrain resulted in eYFP-positive fibers that traveled in a more lateral direction through pathways 3 and 4 but not pathways 1 and 2 ( Fig. 3; Table 1 ). Only the first, medial route innervated the cortex via layer I. The other three pathways all entered the cortex via the white matter underlying layer VI. Thus, the spatial organization of cholinergic innervation of the mPFC depends on the location of the cholinergic neurons within the basal forebrain and the fiber tract that is taken by their axons. All axonal projections were strictly ipsilateral.
Two categories of eYFP-positive fibers were observed. The first category included thin nontapering fibers with a hypervaricose morphology, i.e., high-frequency sequences of equidistant, Figure 3 . Cholinergic fibers originating in the basal forebrain take four different routes to the cortex. A, Scheme summarizing the location of eYFP-positive cholinergic neurons and the routes taken by eYFP-positive fibers to their targets. A continuous system of fibers fans out from the cholinergic cell bodies to their cortical target areas, taking various routes. 1, Medial route of fibers parallel to the brain surface from the VDB, via taenia tecta (TT), and rostral to the forceps minor of the corpus callosum (cc) into layer I of mPFC. 2, Septal route, with fibers perforating the corpus callosum. 3, Fibers embedded in the capsula interna. 4, Fibers traveling initially laterally and then turning dorsally, i.e., bending around the distal end of the internal capsule to enter temporal and parietal cortices. Fibers with destination olfactory bulb take route 1, whereas fibers entering the fornix on their way to the hippocampus follow route 2. B, eYFP-positive fibers following the medial route (arrowheads). C, Septal route: corpus callosum penetrating eYFP-positive fibers (arrows). D, Route 3: eYFP-positive fibers in dorsomedially directed capsula externa fiber bundles in the CPu (arrows; section at level of the anterior commissure crossing). E, Route 4, fibers traveling laterally ventral to the forceps major of the corpus callosum and then proceeding dorsally in the capsula externa. cc, corpus callosum; ce, capsula externa; OT, olfactory tubercle; Sep, septum. F, Terminal distribution of eYFP-positive fibers in the outer layers of ACv at high magnification. Arrowheads indicate fibers arriving via route 1.
en passant boutons, and that have a tendency of branching perpendicularly. These fibers were arranged in a diffuse network-like distribution pattern (Fig. 3E) . Fibers of this type were seen in all densely innervated cortical layers. The en passant way of formation of varicosities was very omnipresent. Terminal rosettes were absent; that is, we did not observe sideways "sprouting" of very short fiber collaterals ending in a handful of terminal varicosities. The second category of fibers consisted of thicker, less varicose, more linear eYFP-positive fibers oriented in PL, IL, and ACv parallel to the pial surface (Fig. 3E, triangles) , branching off collaterals often in a perpendicular way ("T-branching") and contributing to the diffuse varicose cortical innervation. In IL, fibers of this type formed the continuation of fibers arriving via the medial route and may be considered as supply fibers. In ACd and Fr2, the more oblique/radial orientation of fibers of this type suggests that they form the intracortical continuation of eYFP fibers arriving via routes 2 and 3. Thus, in PL and IL, fibers arrive via routes 1 and 2, whereas their collaterals subsequently mix.
Distinct projection patterns from different locations in the basal forebrain
Because different groups of cholinergic neurons along the frontocaudal axis of the basal forebrain target the cortex through different pathways, we next asked the question whether different cholinergic populations in the basal forebrain innervate different regions of the mPFC (Fig. 4) . All mPFC subdivisions contained eYFP-positive fibers but to a different degree depending on injection location (Fig. 5) . To test the hypothesis that a topographical mapping exists between basal forebrain cholinergic cells and their prefrontal projections, we quantified the amount of fibers in the mPFC and compared different mPFC subregions (Table 2) . Although in the rat the total length of cortical and mPFC cholinergic fibers has been estimated (Mechawar et al., 2000) , little is known regarding cholinergic fiber length in mice. Previously, total cholinergic fiber length in the neocortex of mice was estimated to be ϳ600 m using AChE immunohistochemistry and stereological analysis (Boncristiano et al., 2002) . We stereologically determined the total cholinergic fiber length and FLD in the mouse mPFC and its subregions. On average, we found a cholinergic FLD of 3.7 m/mm 3 across all the injection sites and regions in the mPFC. Because in rat PFC a length density of 13 m/mm 3 was reported (Mechawar et al., 2000) , this suggests that the cholinergic FLD is on the same order of magnitude in mice and rats. However, it is impossible to compare directly because we used virus injections in restricted parts of the basal forebrain, whereas they used an immunostaining approach. After this, we calculated the eYFP-positive FLD in each mPFC subregion (Table  2) . For several mPFC areas, we found a striking dependence of FLD on location of injection along the frontocaudal axis. This was most pronounced for Fr2 and for the ACd and IL cortex (Fig. 5A) .
The relative FLD in Fr2 steadily increased from Ͻ4% of the total FLD in the mPFC of mice that received virus injections at rostral sites (e.g., mouse 1; Fig. 5A ) to between 35 and 42% for mice that received injections at caudal sites in the basal forebrain (mice 7-9). There was a significant correlation between the injection location along the baseline and the relative FLD values (r ϭ 0.92, p Ͻ 0.001). This increase in relative FLD in the Fr2 coincides with the increasingly larger portion of the injection site within the NB. This suggests that the caudal part of this cholinergic nucleus could be the main source of the ascending cholinergic fibers to the Fr2 region.
Similarly to Fr2, the FLD in the ACd region increased with more caudal injections (Fig. 5A) . The relative density of the fibers steadily increased in par with the location of the injection site along the rostrocaudal baseline (r ϭ 0.87, p Ͻ 0.005). The FLD is relatively low in rostrally injected mice 1-4 (10 -19%) and relatively high (up to 31% in mice 7-9) in mice with the injection spots visible most caudally/laterally.
In contrast to the FLD pattern observed for the Fr2 and ACd with a stronger innervation from the caudal regions of the basal forebrain, the PL and IL areas of the mPFC showed an opposite dependence on injection location (Fig. 5) . In PL, for the mice with a rostrally positioned injection site (mice 1 and 2), the FLD was high (28 -30%) and decreased with more caudally positioned injections (11-19 in mice 6 -9; r ϭ Ϫ0.71, p Ͻ 0.05; Fig. 5A ). As in PL, FLD values in IL showed a clear correlation with the rostrocaudal position of the injection sites in (r ϭ Ϫ0.91, p Ͻ 0.001; Fig. 5A ). The relative eYFP-positive fiber density in mice 1 and 2 was high (FLD of 29 -30%), and the FLD decreased to its lowest values in the caudalmost injections (mice 7-9, 4 -8%; Fig. 5A ). In the ACv, the FLD followed a similar trend as the IL and PL, but there was no significant correlation with injection site along the frontocaudal axis (r ϭ Ϫ0.54, p ϭ NS; Fig. 5A ).
Thus, Fr2 and ACd show an opposite pattern of cholinergic innervation compared with IL and PL (Fig. 5A) . In rostral injection loci (e.g., HDB, VDB, and/or MCPO), the highest FLD was measured in the more ventrally located subdivisions of mPFC such as IL and PL always relative to the more dorsal areas. Mice with injections positioned more caudally (e.g., SI and NB) had their highest FLD in the more dorsally located mPFC subdivisions (e.g., ACd and Fr2) relative to the more ventral mPFC subdivisions. Close visual inspection of sections revealed a secondary, intradivisional distribution pattern of eYFP-positive fibers in the PL (Fig. 5D) . eYFP-positive fiber distribution in this region was not uniform. A sharp decrease in fiber density occurred between the dorsal portion of PL (PLd) and its ventral portion (PLv). This difference in fiber distribution between PLd and PLv was noticeable in mice 5-9. The stereological probe that we used was too big compared with PL subregion diameter to obtain statistically accurate measurements to test differences in FLD between these subdivisions.
To complete the picture of cholinergic PFC innervation, it should be noted that other divisions of the PFC, i.e., orbitofrontal cortex, and the adjacent agranular insular cortex also receive substantial cholinergic innervation. In all cases, we observed dense eYFP-positive fiber labeling in agranular insular cortex. In the medial, ventral, and lateral orbitofrontal cortices, we found scattered eYFP expression in all cases, with a focus of dense eYFPpositive labeling in case 4.
Laminar specificity of innervation by rostral and caudal cholinergic neurons
Given our findings that different locations in the basal forebrain differentially innervate different mPFC regions and that they reach their targets through different pathways, we asked whether the different cholinergic populations in the basal forebrain exhibit layer specificity in their projections. We estimated the fiber density in a semiquantitative manner (scoring ϩ for low amounts of fibers and ϩϩϩϩ for high amounts of fibers; Table 3 ). In general, the highest fiber density appeared in all mice in the deepest layers (layers V and VI). Within the superficial cortical layers, the highest fiber density was usually observed in layer I, followed by layer III. A consistent observation was the relatively low presence of fibers in layer II (Fig. 3E ). This lower density in layer II was profoundly visible in animals with dense superficial eYFPpositive fiber distribution but also to some degree in mPFC subdivisions in animals with relatively less eYFP-positive fibers occurring in the superficial cortical layers.
Interestingly, in superficial layers I-III, a striking difference was found between the different injection sites, especially in PL, IL, and ACv (Fig. 6) . First, in animals with rostral injection sites, there was an abundance of fibers in superficial layers, in addition to the deep layers (Fig. 6A) . In stark contrast, the mice with caudal injection sites (mice 5-9) had a low fiber density in the superficial layers compared with deep layers ( Fig. 6B; Table 3 ). Hence, caudally located cholinergic neurons innervate the deep layers of PL, IL, and ACv strongly, whereas they hardly innervate the superficial layers. However, the rostrally located cholinergic neurons target both the superficial and deep layers. This suggests that the PL, IL, and ACv receive cholinergic inputs from two separate populations of basal forebrain neurons, one innervating all layers and one selectively innervating deep layers.
Discussion
In this study, we tested the hypothesis that there is a topographical mapping between cholinergic neurons in the basal forebrain and their targets in the mPFC. Using focal virus injections inducing Cre-dependent eYFP expression in ChAT-Cre mice, we demonstrate the following. (1) There are four cholinergic pathways from the basal forebrain to the mPFC. (2) These pathways originate in different parts of the basal forebrain and enter the mPFC via different layers. (3) There is a topographic organization between the cell bodies in the basal forebrain and their targets in the mPFC. The stereological data reveal a ventral to dorsal distribution pattern of cholinergic fibers in the mPFC on par with a rostral to caudal baseline location of the cell bodies in the basal Cases are arranged 1-9 according to the rostral to caudolateral position of their injection spots. A graphical representation of the FLD is provided in Figure 5A .
forebrain. These mapping distributions were gradual, and all mice had sparser eYFP-positive fiber innervations in the mPFC subdivisions that were not preferentially innervated. (4) There is layer specificity in the projections from the rostral versus caudal regions of the basal forebrain. The mice in which injections had produced labeled axons in the medial pathways also showed a strong innervation of superficial layers in IL, PL, and ACv, suggesting that cholinergic fibers arrive via different routes in the superficial and deep layers in the mPFC regions. Previous work has studied the topographic mapping of the cholinergic system using a combination of retrograde tracing with post hoc immunohistochemical identification (Bigl et al., 1982; Price and Stern, 1983; Zaborszky et al., 1986 Zaborszky et al., , 1999 Gritti et al., 1997 Gritti et al., , 2003 . Although these studies have provided a wealth of knowledge and have demonstrated a mapping of neurons in the basal forebrain to discrete regions in the cortex, they have mainly focused on the innervation of large cortical areas that were located far apart. Recently, the same approach has been used to study projections to different regions within the PFC (Chandler and Waterhouse, 2012; Chandler et al., 2013; Zaborszky et al., 2013) . This work suggested that there is much overlap between the innervation to different mPFC regions. After injection of retrograde tracers in the anterior cingulate cortex, mPFC, and orbitofrontal cortex, it was found that ϳ60% of the basal forebrain neurons target more than one of these areas and that 20% of the neurons innervates all three areas. No relation was found with the rostrocaudal location in the basal forebrain. This discrepancy with our findings could be the result of species differences. However, in our opinion, it is more likely a consequence of the difference between retrograde and anterograde tracing approaches.
Whereas retrograde tracing studies can demonstrate that a neuron projects to a brain region, it cannot determine the density of that innervation. With our anterograde approach, it was possible to estimate the density of the axonal innervation. In a study in which an anterograde tracer was injected in the rat MCPO (Henny and Jones, 2008) , it was also described that labeling was strongest in the IL, suggesting that the topographic mapping becomes evident when the density of innervation is taken into consideration. Therefore, we conclude that, although basal forebrain neurons often project to multiple regions of the PFC, they preferentially innervate different regions based on their location in the basal forebrain. Recently, it was reported that the overlap in basal forebrain innervation between two cortical regions depends on the connectivity between these regions . Because the regions within the mPFC are highly interconnected (Vertes, 2004) , our findings are in line with these reports.
We were able to identify and follow eYFP-positive cholinergic fibers traveling via four routes (medial, septal, internal capsule, and lateral) to their cortical termination fields. Cholinergic fibers entered cortex either via layer I (medial) route or layer VI (other routes). Interestingly, we found that injections in rostral locations of the basal forebrain show both a high number of fibers taking the medial route and a higher relative innervation of the superficial layers in the IL and PL. In these two regions, we found that caudal injections resulted in a high amount of fibers in deep layers, with a specific reduction in fibers in superficial layers. Therefore, our results suggest functional differences between the rostral and caudal parts of the basal forebrain and the pathways that innervate the mPFC from layer I and from layer VI. It would be interesting to test whether these differences correspond to the eYFP-positive fibers were estimated for every layer and subdivision, ranging from ϩ for a low number of eYFP-positive fibers to ϩϩϩϩ for a high number of eYFP-positive fibers.
two recently described electrophysiologically different populations of cholinergic neurons in the basal forebrain (Unal et al., 2012) . Although the axonal pathways leaving the basal forebrain have been shown previously in the rat brain (Saper, 1984; Luiten et al., 1987; Eckenstein et al., 1988) , this is the first ChAT-specific anterograde tracing study and the first in the mouse brain (although visualizations of ChAT fibers in ChAT-Cre mice are available in the Allen Brain Atlas; http://www.brain-map.org/). Moreover, we provide novel information about the relation between the location of basal forebrain neurons, the routes of their axons, and their regional and laminar targets in the mPFC. After entering the cortex, the cholinergic fibers branch off collaterals that run radially and supply a dense network of varicose to hypervaricose (layer I) fibers with a rather uniform fiber thickness, as was found in rat Fr1 and the somatosensory cortex (Mechawar et al., 2000) . The far majority of the varicosities on the "parallel" fibers and their collaterals are present in an en passant arrangement.
The total length of cortical and PFC cholinergic fibers has been estimated in rats (Mechawar et al., 2000) . In mice, the total length of neocortical cholinergic fibers has been estimated previously using AChE immunohistochemistry and stereological analysis (Boncristiano et al., 2002) . We provide here a quantification of cholinergic fiber lengths for different mPFC areas per hemisphere that originate in specific parts of the basal forebrain.
We found differences in the number of transfected neurons for the different injection sites. We believe that this is primarily attributable to differences in the density of cholinergic neurons throughout the basal forebrain (Zaborszky et al., 1999) . Potentially, it could reflect an uneven spread of the virus through the tissue but, to our knowledge, very little is known about this. Importantly, the animals were genetically identical and had the same age, and the virus was made in one batch and was always subjected to the same number of freeze-thaw cycles excluding the possibility that these factors cause differences in viral uptake or expression rates.
The ChAT-Cre recombinant mouse is an excellent model to study cholinergic projections in detail. Focal viral microinjections induced eYFP expression in selected neurons, restricted to the injection location. We verified using ChAT immunofluorescence histochemistry that all eYFP-positive cell bodies were ChAT positive, and we therefore consider all eYFP-positive fibers to be cholinergic. The accumulation of eYFP in fibers was sufficiently high to enable us to trace fibers along various pathways to their cortical destinations. An advantage of the Cre-Lox/viral expression system was that there was only eYFP production at the injection loci, whereas the cholinergic prefrontal cortical interneurons and their fibers remained unaffected and therefore were literally "left in the dark" (Dautan et al., 2014) . Thus, our study dealt exclusively with basal forebrain innervation of mPFC with the exclusion of local cholinergic fibers as well as fibers originating from the pedunculopontine nucleus and laterodorsal tegmental area. A third advantage of the use of the Cre-Lox recombination technique compared with classical neuroanatomical tracing is the pertinent absence of retrograde transport of the tracer. Areas that are known to project to the basal forebrain cholinergic neurons, e.g., hypothalamic nuclei that project to VDB and HDB (Swanson and Cowan, 1979), were free of any sign of retrograde transport. Be- Figure 6 . Layer-specific innervation by caudal and dorsal regions of the basal forebrain (Table 3) . A, Animals with rostral injections have a cholinergic innervation throughout all layers of the IL and PL. B, Animals with injections in the caudal part of the basal forebrain innervate the deep layers of these cortical areas extensively but show few fibers in the superficial layers.
cause the amygdala is a strong source of input to NB (Swanson and Cowan, 1979) , we looked specifically for retrograde transport here. Although densely innervated by eYFP-positive fibers (an extremely dense innervation of the basal amygdaloid nucleus was present in mouse 6 in which virus had been injected in NB), we did not observe any eYFP-positive neurons in any of our experiments in any of the amygdaloid nuclei. We consider the few eYFP-positive neurons in the striatum as resulting from injection track labeling rather than retrograde transport because these eYFP-positive neurons were only present along the dorsoventrally oriented injection tracks.
In this study, the regional cholinergic innervation of the mPFC and the topographic relation with the basal forebrain were investigated. For understanding how ACh influences information processing in the mPFC, it is crucially important to know the ACh receptor distribution in this brain structure. To our knowledge, no study specifically looked into regional differences of ACh receptors between the mPFC areas, but based on work comparing other cortical areas (Gulledge et al., 2007) and autoradiographical studies (Clarke et al., 1984; Spencer et al., 1986) , the differences in ACh receptors throughout cortical areas seem relatively small. Concerning cortical layers, the picture is very different. Electrophysiological recordings in acute brain slices have demonstrated a marked layer specificity in the responses to ACh (Christophe et al., 2002; Couey et al., 2007; Kassam et al., 2008; Arroyo et al., 2012; Poorthuis et al., 2013) . Our data suggest that different layers also receive acetylcholine from different neuronal populations in the basal forebrain. It will be of great interest to test whether the different innervations of the mPFC are related to specific cholinergic signaling modes (Sarter et al., 2014) . Optogenetics will be crucial in finding out how exactly the prefrontal microcircuitry is influenced by ACh release, and our data provide important considerations for researchers who want to manipulate release using methods that depend on viral transfections of cholinergic neurons. In conclusion, our data contribute to understanding the cholinergic modulation of the mPFC by providing new insights into the specificity of cholinergic innervations and the topographical relationship between the basal forebrain and their axonal projections.
